injury and nerve root compression, traction, or other injury. A recent meta-analysis of perioperative complications revealed a frequency of neurological complications of 0.5% and a frequency of spinal cord injury of 0.14% 10 . Signal changes demonstrated by intraoperative neurophysiological monitoring were most frequently associated with spinal traction or patient positioning 11 . Several animal models have demonstrated that distraction of the spinal canal results in histological evidence of spinal cord damage [12] [13] [14] . These findings suggest that it is important to understand the relationship between correction of scoliotic deformity and the distraction distance of the spinal canal to lessen the risk of intraoperative and postoperative neurological complications.
In this study, we used 3-dimensional (3D) computed tomography (CT)-based imaging analysis to calculate the change in spinal canal length resulting from spinal deformity correction. We also assessed the preoperative and postoperative radiographic measurements of Cobb angles, flexibility, Risser grade, apical vertebral translation, thoracic kyphosis, and lumbar lordosis to determine whether they were associated with changes in spinal canal length.
Materials and Methods Subjects
S eventy-seven patients who underwent corrective surgery for adolescent idiopathic scoliosis at a total of 3 hospitals (University of Toyama, Niigata University, and Shinshu University Hospitals) from 2011 to 2017 were included in this study. Four patients were male and the other 73 patients were female. The mean age at surgery was 14.2 years (range, 11 to 20 years). According to the Lenke classification 15 , 49 patients had a type-1 (single thoracic) curve and 28 had a type-2 (double thoracic) curve. The apex of all of the curves was between T7 and T11 (T7 in 2 patients, T8 in 26, T9 in 29, T10 in 14, and T11 in 6). If the apex was pinpointed within an intervertebral disc, it was expressed as the number of the vertebra above it. We divided the spine from T2 to L2 into 4 subsegments: an upper thoracic Figs. 1-A, 1-B, and 1-C Methodology for the assessment of spinal canal length. Fig. 1-A The center of the spinal canal is represented by the black dot on the axial CT image. Fig. 1-B The dots indicate the midpoint between the pedicles at each vertebra. The spinal canal length was calculated by adding the distances between all dots. Fig. 1 -C Delta T2-L2 spinal canal length was calculated by subtracting the preoperative spinal canal length from the postoperative spinal canal length.
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region (T2-T5), an upper middle thoracic region (T5-T8), a lower middle thoracic region (T8-T11), and a thoracolumbar region (T11-L2). This study was approved by the ethical review board of our hospital (number 28-108).
Surgical Methods
Surgery was performed with the patient under general anesthesia and in the prone position. Pedicle screw insertion was performed with navigation in 36 patients and with a freehand technique in 41. After pedicle screws were inserted into the 
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vertebrae, the articular cartilage of the facet joints was removed. If the scoliotic curve was rigid, a Ponte procedure was performed on the apical vertebrae 16 . Sixty patients underwent Ponte osteotomies (5 intervertebral spaces were operated on in 2 patients; 4 intervertebral spaces, in 6; and 3, in 52). Depending on the level of the scoliosis, a concave rod (5.5-mm CoCr or 6.35-mm Ti alloy) was rotated 90°to transform the scoliosis into a thoracic kyphosis or a lumbar lordosis. Then a convex rod was inserted, and the rib hump was reduced using a differential rod-contouring technique. Finally, segmental direct vertebral rotation was performed on each vertebra. Spinal cord monitoring of motor and somatosensory evoked potentials was performed during all operations, and none of the patients demonstrated signal changes during surgery.
Radiographic Analysis
A standing whole-spine radiograph in addition to supine sidebending and traction radiographs were made for all patients no more than 3 months before surgery. The Cobb angles of the proximal thoracic curve, main thoracic curve, and thoracolumbar/ lumbar curve were measured on the standing radiograph and the Cobb angle of the main thoracic curve was measured on the bending and traction radiographs as well. Additional measurements included the thoracic kyphosis (T5-T12) angle, lumbar lordosis (T12-S1) angle, and thoracic apical vertebral translation. Preoperative curve flexibility was based on the supine sidebending and traction radiographs. Standing whole-spine radiographs were also made within 1 month (inpatient) after surgery, and the radiographs were analyzed and measured. The postoperative proximal thoracic, main thoracic, and thoracolumbar/ lumbar Cobb angles; thoracic kyphosis; lumbar lordosis; and percent correction of the main thoracic curve were also measured.
3D-CT-Based Measurement of Spinal Canal Length
All patients underwent CT imaging no more than 1 month before surgery and within 1 month (inpatient) after surgery. To calculate the spinal canal distance from T2 to L2, we used 3D-CT imaging software (ZedView; LEXI). The center of the spinal canal was determined as follows. First, the center point of both pedicles of each vertebra was identified, as the point of intersection between the major axis and minor axis of the circle or ellipse, in the coronal plane ( Fig. 1-A, left) . Next, the axial plane was defined as a plane passing through the centers of the 2 pedicles of the vertebra and parallel to the surface of the cranial end plate (Fig. 1-A, middle) . The center of the spinal canal in the axial plane was determined by the intersection of 2 lines: one bisecting the angle formed by lines drawn on the ventral side of each lamina, and the other representing the major axis of the circle or ellipse approximating the spinal canal ( Fig. 1-A,  right) . The distances between each consecutive center of the spinal canal were added from T2 to L2 (Fig. 1-B) . The delta T2-L2 length (postoperative minus preoperative) was calculated for each patient (Fig. 1-C) . We examined the correlation between the delta T2-L2 length and each of the abovementioned preoperative and postoperative measurements, such as the main thoracic curve. We also examined how much each spinal subsegment contributed to the change in spinal canal length.
Measurement of the Error Between Straight and Curved-Line Methods
To calculate the error between a curved-line (spline curve) and straight-line measurement, we also examined the curved spinal canal length of 10 randomly selected patients with x-ray-based methods. First, we defined the midpoint between the 2 pedicles as the reference point of each vertebra on a standing anteroposterior radiograph and placed "anchors" (the black dots in Fig. E-1 in the Appendix) on these reference points from T2 to L2 using Adobe Illustrator CS6 (Adobe). Then a curve passing through all anchor points was drawn (white line in Fig. E-1 in the Appendix), and its total length was automatically calculated. For the straight-line measurement, each anchor point was connected by a straight line (black line in Fig. E-1 in the Appendix). The total length of the line was automatically calculated.
Statistical Analysis
Data are shown as the mean and standard deviation (SD). The Student t test (2-sided) and Welch t test were used for statistical analysis. In the comparison of spinal canal elongation among the 4 segments, we used analysis of variance followed by the Tukey-Kramer post-hoc test. The Pearson correlation test was used to analyze the correlation between the spinal canal elongation and several radiographic parameters. Statistical analysis was performed using commercial software (Statcel3; OMS). P values of <0.05 were considered significant.
Results

T
here were no significant differences between the singlethoracic-curve (Lenke type-1) and double-thoracic-curve (Lenke type-2) groups regarding mean age, height, weight, or Risser grade (Table I) . However, the preoperative main thoracic and proximal thoracic Cobb angles of the double-curve group were significantly larger than those of the single-curve group. Other preoperative radiographic parameters showed no significant differences between the 2 groups.
The mean postoperative proximal thoracic Cobb angle of the double-curve group was significantly larger than that of the single-curve group (Table II) . Although longer posterior fusion was performed for the patients with a double curve, there were no significant differences in the other postoperative radiographic parameters between the groups. The overall T2-L2 spinal canal length was increased by a mean of 10.1 ± 6.2 mm (range, 2.3 to 28.8 mm) after the correction surgery. The mean change in T2-L2 length in the patients with a double thoracic curve (12.7 ± 6.4 mm; range, 4.4 to 28.8 mm) was significantly larger than that in the patients with a single thoracic curve (8.5 ± 5.6 mm; range, 2.3 to 25.4) (p < 0.01). The mean elongation of the spinal canal was 10.2 mm in the patients who underwent Ponte osteotomy and 9.7 mm in those treated without Ponte osteotomy. There was no significant difference in spinal canal lengthening between the patients with and those without Ponte osteotomy (p = 0.76).
Analyses of the radiographic measurements revealed that the preoperative proximal thoracic, main thoracic, and thoracolumbar/lumbar Cobb angles were positively correlated with the delta T2-L2 spinal canal length (Table III) . Additionally, thoracic apical vertebral translation was associated with the delta T2-L2 spinal canal length. Furthermore, the postoperative main thoracic Cobb angle, the preoperative-postoperative change in the proximal thoracic, main thoracic, and thoracolumbar/lumbar Cobb angles, and the number of fixed intervertebral spaces had a weak correlation with the spinal canal elongation. The changes in spinal canal length in the 4 subsegments-T2-T5, T5-T8, T8-T11, and T11-L2-are shown in Figure 2 , and overall the subsegments were changed by 2.1 ± 1.0 (range, 23.5 to 10.7), 2.9 ± 1.0 (range, 23.2 to 9.5), 3.5 ± 1.1 (range, 24.3 to 13.5), and 1.6 ± 0.9 (range, 22.8 to 8.9) mm, respectively. The elongation of the T8-T11 segment by the 
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correction surgery was significantly greater in most of the comparisons with the other segments in both the single and the double-curve group. The T8-11 segment was the most often included in the apical vertebrae. The double-curve group showed a bimodal peak. These phenomena suggest that the preoperative proximal thoracic Cobb angle is associated with spinal canal elongation. We also examined the association between the preoperative main thoracic Cobb angle and the delta T2-L2 spinal canal length in the single and double-curve groups (Fig. 3) and found a high association in the double-curve group. There was more variation in the single-curve group than in the double-curve group, suggesting that the number of fixed intervertebral spaces and the preoperative proximal thoracic and main thoracic Cobb angles may be related to this variation. The mean error of measurement of the spinal canal elongation between the curved and straight-line methods was 0.31 ± 0.29 mm (r = 0.38, p = 0.27) (see Appendix).
Discussion
S
tudies of several animal models demonstrated that excessive distraction of the spinal column was associated with spinal cord injury. In a study of 16 pigs, Yang et al. distracted the spinal cord directly until the signals of neurological monitoring disappeared or decreased by >80% compared with the baseline amplitude 14 . They found that parallel distraction of approximately 3.6% of the thoracolumbar length resulted in spinal cord injury. In our study, the mean overall preoperative T2-L2 length of the spinal canal was 281.7 mm, so 3.6% of the spinal canal length was 10.1 mm. The mean elongation equaled this value in our overall group (10.1 mm) and exceeded it in the Lenke type-2 group (12.7 mm), suggesting that the maximal elongation before injury differs in humans. Bridwell et al. reported that patients in whom thoracic scoliosis had been treated with posterior spinal correction demonstrated 10 mm of lengthening of the spinal canal on radiographs 17 . Because their study was small and they analyzed radiographs, analysis of larger groups with 3D CTwas the next step, especially to identify which curve types or factors were associated with a risk of spinal canal elongation, which was still unknown. In our large detailed study, we measured spinal column elongation with 3D CT and found it to be associated with posterior deformity correction maneuvers for adolescent idiopathic scoliosis.
The correlation between the preoperative main thoracic, proximal thoracic, and thoracolumbar/lumbar Cobb angles and spinal canal elongation might be caused by the character of the screw-rod interface. In almost all cases, following uniplanar pedicle screw insertion and Ponte osteotomy, a hyperkyphotic concave rod was rotated 90°to transform the scoliosis into a thoracic kyphosis, after which cantilever reduction of the rib hump was accomplished using an undercontoured convex rod. Those procedures introduced the centroposterior translation and derotation of the vertebral segments around the apical vertebrae. At the same time, uniplanar screws allow angulation in the sagittal direction, and the screw-rod interface transmits the distraction force in each adjacent vertebra around the apex. This would explain why larger main thoracic, proximal thoracic, and thoracolumbar/lumbar Cobb angles might be associated with more elongation of the spinal canal. The periapical region of the main thoracic curve was more elongated than the periapical region of the minor curve in this study of patients with adolescent idiopathic scoliosis. If the main thoracic curve is being corrected, it is always desirable to apply compression Figs. 3-A, 3-B, and 3-C Associations between the preoperative major thoracic Cobb angle and delta T2-L2 spinal canal length. The Pearson correlation test was used. Fig. 3 -A Single-thoracic-curve group (n = 49). Fig. 3 -B Double-thoracic-curve group (n = 28). Fig. 3 -C Overall data (n = 77).
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force during the correction to avoid elongation of the spinal canal. In patients with Lenke type-2 scoliosis, because the proximal thoracic curve also causes elongation of the spinal canal, it might be necessary to apply compression force to both the main thoracic and the proximal thoracic curve. Posterior column lengthening in Ponte osteotomy also might contribute to the elongation of the spinal canal. It is well known that segmental pedicle screw instrumentation and Ponte osteotomy improve the coronal and sagittal radiographic parameters [18] [19] [20] [21] [22] . Removing the facets, ligamentum flavum, and soft tissue around the posterior elements allows for greater distraction of the posterior aspect of the spinal column 23 . The mean elongation of the spinal canal was 10.2 mm in our patients who underwent Ponte osteotomy and 9.7 mm in those treated without Ponte osteotomy (p = 0.76). This study was not intended to evaluate the effect of Ponte osteotomy because Ponte osteotomies were used to make rigid scoliotic curves flexible. Additional randomized prospective analyses are necessary.
To reduce the risk of neurological complications, intraoperative neurophysiological monitoring is now standard [24] [25] [26] and is recommended by the Scoliosis Research Society 27 . In an analysis of 62,038 monitored spine operations, Tamkus et al. reported that 22 patients (0.04%) with a new postoperative neurological deficit had a "false-negative" monitoring result, a deficit that developed postoperatively, failure to monitor a pathway, absent baseline data, or another technical problem 24 . Although the rate is very low, these issues make it difficult to predict the risk of neurological complications from correction maneuvers for adolescent idiopathic scoliosis on the basis of intraoperative monitoring alone. Although no neurological events or signal changes were detected by neurological monitoring in our study, our small sample size may have limited the detection of very infrequent complications.
This study had a number of limitations. First, the surgical technique differed slightly among the hospitals. Nevertheless, pedicle screws, Ponte osteotomy, differential rod contouring, and direct vertebral rotation were used at all sites. Second, we are not sure whether elongation of the spinal canal is involved in extension of the spinal cord. The spinal cord does not follow the center of the canal in scoliosis but takes the shortest route by going off-center to touch the concave parts of the curve. We may need to pay attention to elongation of the spinal canal during surgery for scoliosis because the spinal cord is stretched more severely than it is when the spinal cord passes through the center of the spinal canal. Additional study of changes in the spinal cord resulting from elongation of the spinal canal may be necessary. Third, although the error between the curved-line and straight-line measurements was relatively small (0.3 mm), it may be necessary to consider that error as a factor that can influence the amount of spinal canal elongation. However, because this measurement of a curved line did not always pass through the actual center of the spinal canal, we believe that the distance of the curved line was overestimated. Finally, this study included a limited number of curve types. Future investigators should consider including other curve types, such as thoracolumbar/lumbar curves.
In conclusion, we demonstrated that corrective surgery for adolescent idiopathic scoliosis is associated with spinal canal lengthening, which positively correlates with the preoperative main thoracic, proximal thoracic, and thoracolumbar/ lumbar Cobb angles. Those angles may be moderate predictors of postoperative spinal canal elongation.
